Abstract: In addition to displays, liquid crystals (LCs) have also found widespread applications in photonic devices, such as adaptive lens, adaptive optics, and sensors, because of their responses to electric field, temperature, and light. As the fabrication technique advances, more sophisticated devices can be designed and created. In this review, we report recent advances of two-photon polymerization-based direct-laser writing enabled LC devices. Firstly, we describe the basic working principle of two-photon polymerization. With this powerful fabrication technique, we can generate anchoring energy by surface morphology to align LC directors on different form factors. To prove this concept, we demonstrate LC alignment on planar, curvilinear surfaces as well as in three-dimensional volumes. Based on the results, we further propose a novel, ultra-broadband, twisted-nematic diffractive waveplate that can potentially be fulfilled by this technique. Next, we briefly discuss the current status of direct-laser writing on LC reactive mesogens and its potential applications. Finally, we present two design challenges: fabrication yield and polymer relaxation/deformation, remaining to be overcome.
Introduction
Liquid crystals (LCs) are self-assembled soft materials composed of certain anisotropic molecules with orientational orders. They respond to external stimulus such as heat, electric field, magnetic field, and light [1] [2] [3] [4] [5] [6] . In the presence of an electric field, these anisotropic organic compounds with both optical and dielectric anisotropies can be reoriented, resulting in intensity and/or phase modulation. Nowadays, liquid crystal displays (LCDs) have become ubiquitous in our daily lives [7, 8] ; their applications span from smartphones, pads, computer screens, to large-sized TVs. In addition to displays, LC devices have also found useful applications in beam steering [9] [10] [11] , optical communications [12] [13] [14] , lighting applications [15] [16] [17] , smart windows [18] [19] [20] , tunable metasurfaces [21] [22] [23] , and augmented reality and virtual reality systems [24] [25] [26] , just to name a few. To manipulate electro-optical properties and thus accomplish different device functions, strategies including special electrode designs, compound structures, and spatially variant alignment can be utilized. Among them, spatially variant alignment has attracted a lot of attentions. After the advent of photoalignment materials where complicated LC arrangement can be easily achieved by patterning the photosensitive layer with a spatially variant linearly polarized light [27] [28] [29] . As the alignment technique evolves, we foresee novel and even more sophisticated LC devices to be demonstrated in the near future. On the other hand, LC elastomers or networks have also attracted extensive attention in fundamental researches. Generally, LC elastomers or networks are low-density crosslinked LC mixtures. These special materials combine the properties of polymeric elastomers with LCs [30] [31] [32] [33] . They are promising as soft actuators and sensors in that their shape can be reversibly adjusted according to the external stimulus [34] [35] [36] . The mechanical motion upon external stimulus is related to the alignment and phase transition of the employed LC. Depending on the alignment and mixture materials, contraction, bending, or rotation can be observed [37] [38] [39] . Thus, LC elastomers are promising candidates for soft robotics, smart micro/nanostructures, and tunable photonic devices [40] [41] [42] .
In recent years, the development of ultrafast laser systems has enabled novel applications in material processing based on nonlinear light-matter interactions [43, 44] . An intriguing bottom-up three-dimensional (3D) micro-and nano-fabrication technique based on highintensity laser pulses is the two-photon polymerization (TPP) of photosensitive materials [45] [46] [47] [48] . In a typical TPP process, high-intensity laser pulses inaugurate the crosslinking of photoresist via two-photon absorption within a localized focal volume, i.e. a voxel. This property differentiates TPP from the traditional photolithography and results in ultrafine 3D micro-and nano-structures. To date, TPP-based direct laser writing (DLW) has given rise to an abundance of researches on fabrication of optical components, photonic and acoustic structures, and biocompatible materials and structures [49] [50] [51] [52] .
In this paper, we briefly review recent advances on TPP-enabled fabrication techniques and then focus on some new TPP-assisted LC photonic devices. In Section 2, we introduce the working principle of TPP. In Section 3, we illustrate how to use TPP to generate desired LC alignment layer in two-dimensional (2D) surfaces, curvilinear surfaces (2.5D), and 3D volumes. Based on the potential of using TPP to generate 3D scaffold, we further propose a broadband diffractive waveplate for beam steering and theoretically evaluate its performance. In Section 4, we briefly discuss the use of TPP to directly write on LC reactive mesogens and its applications. Finally, in Section 5, we highlight two technical challenges of using TPP for novel LC devices: fabrication yield and photoresist relaxation. Figure 1 illustrates the working principles of traditional photolithography and TPP process. The former utilizes single-photon absorption (usually UV light) of photoresist to create arbitrary 2D pattern or holographic 3D pattern by multi-beam interference, while the latter uses two-photon absorption, which requires a much higher intensity of the laser beam (usually at near infrared wavelength) [53] . Because of the high laser-intensity threshold and nonlinear nature of the process, a resolution beyond the diffraction limit can be realized by controlling the laser pulse energy. Previous reports have successfully predicted the size of the polymerized volume (volume pixel or voxel) by defining a polymerization threshold. As a result, voxel size as small as ~100 nm can be generated and therefore this technique provides much better structural resolution and quality than the traditional stereolithography method [48] . Fig. 1 . Working principles of (a) traditional UV photolithography and (b) TPP. The dashed rectangles highlight the polymerized volume. In traditional photolithography, almost all the exposed volume is polymerized due to the low threshold of single-photon absorption. While for TPP, only a localized focal volume is polymerized.
Two-photon polymerization direct-laser writing
In general, as Fig. 2 depicts, there are three working configurations of TPP: air mode, oilimmersion mode, and dip-in mode. In air mode, there is an air gap between photoresist and objective lens, and the substrate is inverted in z-axis (facing down). In oil-immersion mode, the substrate is upward and immersion oil is applied between the substrate and the objective to reduce refraction-related aberrations. In dip-in mode, the substrate is inverted in z-axis and the objective is directly immersed into the photoresist. Among these three modes, dip-in mode provides the highest resolution (least aberration), and comparing to oil-immersion mode it offers a larger maximum feature height. To arbitrarily and accurately pattern 3D features, a laser scanning system is applied with computer-controlled positioning systems. Here we use a commercialized laser lithography system (NanoScribe GmbH) to perform TPP processing, with a 780-nm pulsed laser and dip-in mode is applied. Highly accurate positioning systems including piezoelectric stage (for x, y, and z axes) for moving samples and galvanometer scanner (for x and y axes) for steering laser beams are employed to fully benefit from the inherent high-resolution of TPP process. To specify, piezoelectric stage can travel at the range of centimeter while it needs time to stabilize and the moving speed is limited. On the other hand, galvanometer scanner offers faster scanning in the writing plane but with limited travel range (~100 μm). Thus, when writing a relatively large pattern, the strategy is to divide the pattern into several areas, followed by moving the writing area using piezoelectric stage and finishing writing in each area using the galvanometer scanner. Due to the extraordinary ability of generating high resolution 3D patterns, a plethora of studies have used this technique to fulfill various demands. Moreover, as the TPP technique is still advancing [54] [55] [56] , more original and inspiring researches can be expected.
Two-photon polymerization for liquid-crystal alignment
Previously, TPP has been applied to form micro surface-relief gratings (or microgrooves) [57] which offers anchoring energy to LCs. For a typical surface morphology-induced anchoring, a smaller grating period results in larger anchoring energy (10 −5~1 0 −6 J/m 2 depending on the employed materials and grating periods) and many have demonstrated the potential of this technique in uniform or simple space-variant LC alignment [58] [59] [60] [61] . Next, we delve into this discussion with emphasis from the device viewpoint.
Planar surface (2D) alignment
Currently, most of the studies are focused on planar surface alignment as this is the simplest case yet it is fundamentally important. Here, we begin our discussion with the basic binary LC gratings enabled by surface alignment. These binary gratings are especially useful for optical switches, beam steering, and advanced LCDs [62, 63] . Pioneering works have achieved these devices through periodically patterning LC alignment by mechanical rubbing [64, 65] or photoalignment techniques [66] [67] [68] [69] . The main feature of these devices is the alternatively changing alignment directions on one substrate (these devices usually consist of two substrates), as depicted in Fig. 3 . The green lines in Fig. 3 show the alignment direction and the yellow ellipsoid exhibit LC directors near the alignment surface. By arranging different alignment directions in space, 1D (Fig. 3(a) ) and 2D ( Fig. 3(b) ) binary LC gratings can be achieved no matter whether the other substrate is uniform alignment or patterned alignment. As an alternative, TPP is also capable of producing such surface alignment. Micro-grating alignment with a block size of 10s microns has been demonstrated in 2015 [60] . Here, we apply the laser-writing system to show an even finer grating feature. The scanning electron microscopy (SEM) images are shown in Fig. 4 . During the exposure, the high-power laser scans at the substrate-photoresist interface in a line-by-line fashion, resulting in nanogrooves with 300-nm line period and 100-nm depth. The period of the final 1D grating (Figs. 4(a) and 4(b)) is 7.2 μm while that of the 2D grating (Figs. 4(c) and 4(d)) is 7.2 μm in both orthogonal directions. We have further tested the alignment by assembling a LC cell where uniformly rubbed alignment, parallel to one of the patterned alignment directions, is formed on the other substrate. The LC cell gap (d) and material fulfil the first minimum condition of 90° twistednematic (TN) mode as [70] :
where Δn is the birefringence of the LC and λ is the operating wavelength. It is turned out that such gratings with 7.2-μm grating period can be aligned well.
After examining the simplest alignment patterns, we can further target on more complicated cases. Our group has recently demonstrated the potential of arbitrary 2D LC alignment pattering by assembling single-side aligned LC microlens arrays based on Pancharatnam-Berry (PB) phase (or geometric phase) [71] . Unlike the traditional dynamic phase introduced via optical path difference, PB phase corresponds to the phase shift induced by the changes in other light wave parameters [72, 73] . A commonly employed method for generating LC-based PB phase elements is by patterning half-wave plates in a spatially variant manner. Denoting the optical axis as ( )
and ignoring the common phase term, a circularly polarized input light will change its handedness with an extra phase term (2ϕ ) after passing through the half-wave plates. This can be described by Jones matrix as:
With this powerful tool, we are able to create desired phase distribution for a PB microlens array via alignment patterning. Figure 5 (a) demonstrates the LC alignment pattern on one substrate with a highlight on the LC director distribution for an individual microlens, while the working principle of the PB microlens array is illustrated in Figs. 5(b) and 5(c). Note that other than assembling a cell, this device can also work as passive elements through spincoating reactive mesogen with certain thickness (that fulfils half-wave condition) and then UV curing. For such a passive device or an active device at voltage-off state, if it serves as converging lenses for right-handed circularly polarized light (RCP), it will diverge lefthanded circularly polarized light (RCP), or vice versa. An advantage of 2D nanogroove alignment is that it is compatible with nanoimprint lithography (NIL) [74] [75] [76] . NIL can boost the fabrication yield because of its relatively simple and quick processes. In experiment, a stamp was first cast from the master with nanogrooves (600-nm line period) made from TPP. Then, through NIL, the alignment pattern can be readily transferred onto a substrate coated with SU-8 photoresist. Figure 6 exhibits the SEM images of the imprinted pattern. The design of phase profile is in a discrete sense, as defined by different zones. In each zone, the alignment is uniformly oriented toward one direction and there are at least five zones within 180° rotation of the alignment directions. The zone directions are defined to match the target LC director orientations. The directions of the nanogrooves can be clearly distinguished from one zone to another and if filled with LCs, the LC directors will be aligned along the nanogrooves. Some spaces were left blank to let LCs rotate freely between two different zones. It was also studied that the discrete nature of the phase introduced by the zones only slightly diminishes the efficiency and peak intensity. From the angled view ( Fig. 6(d) ), the 2D flat pattern can be observed. By further assembling a single-side aligned LC cell with 1.6-μm cell gap, it shows that the focal length of the microlens array is around ± 2.49 mm at 633 nm, ± 2.84 mm at 546 nm, and ± 3.40 mm at 450 nm. The corresponding efficiency at voltage-off state is 47.2% for 633 nm, 57.6% for 546 nm, and 52.2% for 450 nm (defined as the ratio of the optical power of focused beam to that of circularly polarized incident beam). The efficiency is not very high due to some misalignment especially at corners where the spatial frequency is the highest, and the diffraction effect of the array, digitized phased profile, etc. Nevertheless, such a microlens array exhibits good image quality at 8 V rms with a switching time of 3.57 ms, which is much faster than a refractive microlens. The good quality ensures the feasibility of patterning arbitrary 2D alignment using TPP (and potentially combined with NIL). A variety of waveplates [77] [78] [79] [80] [81] [82] [83] [84] should be attainable by this technique. Beside arbitrary 2D patterning, another interesting aspect is that degenerate alignment (or multi-stable alignment) can be fulfilled through this method. This kind of alignment is important for both fundamental studies and energy-saving devices [85, 86] . A schematic plot is shown in Fig. 7 . In an original work [87, 88] , 2D grids with 300-nm line period were formed by TPP and cast into a stamp. After the pattern was transferred onto a substrate and a thin aluminum film (30 nm) was subsequently deposited, another ITO-glass substrate with homogeneously rubbed alignment was adhered to it and a LC cell can be accomplished. This device exhibited tunable reflective color when different voltages were applied, which was explained by grating-coupled propagating surface plasmon modes. The patterned substrate consists of square lattices with lattice constant 300 nm, achieved by polymerizing lines in both orthogonal directions in-plane. It was discovered that the LC director distribution should have degeneracy in both orthogonal directions. It can be expected that other kinds of degeneracy should be achievable through surface morphology engineering. Fig. 7 . Schematic plot of two-state degenerate alignment achieved by TPP. Polymerizing the lines (green grids) in both orthogonal directions in plane, the LC directors (yellow ellipsoids) are degenerate in both diagonal directions.
Curvilinear surface (2.5D) alignment
A prominent example of 2.5D alignment was demonstrated as a composite-lens type refractive LC microlens array. These tunable-focus liquid crystal (LC) microlens arrays are an essential optical component for image processing [89, 90] , beam steering [91, 92] , wavefront correction [93] and switchable 2D/3D displays [94] . Figure 8(a) illustrates the schematic plot of such a LC microlens array. It consists of a passive microlens array (can be polymer or others) and a uniform alignment layer on top of that. After the LC cell is finished, the LCs will be alignment along one direction, resembling homogeneous alignment. The working principle utilizes the dielectric constant difference between LCs and passive lenses as well as the birefringence of the LCs (Figs. 8(b) and 8(c) ). If LCs and passive lenses have distinct dielectric constant, when applying appropriate voltages, the voltage shielded by the passive lenses will vary according to its thickness. This in turn results in different phase delay across the lens and thus leads to tunable focal lengths. An intrinsic property of this type of lenses is that they are bi-focal. The focal length is tunable only for one linear polarization of light that is parallel to the alignment direction. Previously, to achieve a composite lens, the alignment and the passive lenses are created independently [95] . By TPP, the composite lens and alignment layer can be generated simultaneously [96] . Figure 9 demonstrates the slanted SEM images of fabricated polymer microlens with nanogroove alignment (700-nm line period). The size of each microlens is 120 × 120 µm 2 and the height is 5 µm. The nanogroove alignment can be clearly observed from the zoom-in view (Fig. 9(b) ) where the red arrow highlights the alignment direction. This patterned substrate can then be adhered to another substrate with alignment parallel to the nanogroove direction and a LC test cell can be formed. It was revealed that the alignment on the passive microlenses shows polar pretilt-angle effect, which was not observed in planar structures. Further testing ensured its good focusing and image quality. 
Bulk (3D) alignment
While photoalignment, rubbed alignment, and TPP-based alignment can all work for surfaces with good UV/heat stability, the latter exhibits unique potential to organize LC directors in bulk. Here, we initiate the discussion with the simplest case, which is organized multi-layer LC devices. Figure 10 displays the configuration of three dual-layer LC devices. For phase modulators, the cell resembles homogeneous alignment except that an additional polymer layer with nanogroove alignment is inserted into the cell. For polarization-independent phase modulators, the LC alignment directions should be orthogonal in the two LC layers with equal thickness. The alignment of dual-layer TN resembles that of traditional TN and the inserted polymer layer offers alignment having 45° relative to the substrate alignment. The fabrication strategy of the 3D scaffold for all three devices are similar. Figure 11 demonstrates the strategy of fabricating 3D scaffold for the dual-layer TN in detail. Step-by-step fabrication process of the 3D scaffold for dual-layer TN. After dropping photoresist on the substrate, a laser lithography system is applied to expose the photoresist line-by-line. During the exposure, the entire structure will be divided into many writing fields, determined by the objective and the laser scanning system. The polymerization process happens at one writing field at a time. (a) Line-by-line exposure to form a uniform groove alignment covering one writing field. (b) After the bottom alignment layer is exposed, the laser will then polymerize pillars that are used to support the floating layer. (c) Line-by-line exposure to form the floating layer which offers alignment at 45° relative to the bottom alignment. (d) After finishing this writing field, the laser system will move to the next writing field and keep scanning until the whole structure is accomplished.
The major advantage of multi-layer phase modulator is that one can engineer the response time and driving voltage in a controllable way, compared with polymer-network LC (PNLC) [97] . In multi-layer phase modulators, the total phase change ( δ ) is governed by LC birefringence (Δn), total LC thickness (d) and wavelength (λ) as:
Meanwhile, the response time (τ) of the LC device is determined by:
where γ 1 is the rotational viscosity, K (K 11 is applied in homogeneous mode) the elastic coefficient of the employed LC and d s the thickness of thickest LC sub-layer. In experiment, the response time improvement of dual-layer and three-layer phase modulators in reference to traditional phase modulators were 4 and 7 times faster, respectively. On the other hand, the driving voltage of such multi-layer devices increases linearly as the number of LC layers increases. Other advantages of multi-layer phase modulators comparing to PNLC are the reduced scattering and diminished hysteresis [97] . Regarding to polarization independent phase modulators, the previous approaches either requires high operation voltage [98, 99] , or can hardly achieve 2π phase change [100] , or show limited reliability [101] . By multi-layer approach, all abovementioned challenges can be solved [102] . In experiment, a relatively large area sample (3.3 × 3.3 mm good polarization independency with ~10 V rms full-operation voltage (2π phase change at 633 nm) and 8.85-ms relaxation time (100% to 10%).
To benefit from this general strategy of boosting LC device response time, dual-layer TN samples are fabricated, and the performance is further investigated here. Specifically, to fabricate the polymer scaffold, dip-in mode was used with a × 63, 1.4 numerical aperture (NA) objective (Zeiss) and IP-Dip (Nanoscribe GmbH) photoresist. The TPP process followed the strategy shown in Fig. 11 with line period of 300 nm. After the main structure was finished, there were some polymer spacers (pillar-shape) formed in the peripheral region to help maintain an appropriate cell gap in the functional area (useful for later assembling the LC cell). Then, the sample was gently immersed into 1,2-Propanediol monomethyl ether acetate (PGMEA) solution for 20 min to remove the unexposed photoresist, and subsequently it was placed in isopropyl alcohol (IPA) for 5 min to remove PGMEA. Last, to evaporate the IPA, the sample was held at 20 cm above a 200 °C hot plate until all the droplets were completely evaporated. To assemble the LC cell, a single-side ITO-coated glass substrate with alignment perpendicular to that of the bottom alignment was adhered to the structured substrate using NOA 81. Once UV cured, the test cell was filled with a LC mixture ZLI 4389 (Merck) under 10 Torr environments. This LC material has appropriate birefringence for TN at visible wavelength (Δn = 0.16 at λ = 632.8 nm, Δɛ = 45.6 at 1 kHz driving frequency). For a fair comparison, the control single-layer TN device kept the same total effective LC-layer thickness and was filled with the same LC materials. Figure 12 demonstrates the electro-optical properties of both dual-layer TN and control device. When measuring time-intensity and voltage-intensity responses, the devices were inserted in between two cross polarizers and the polarizers were aligned such that the devices showed maximum transmittance at voltage-off state. From the measurements, the dual-layer sample demonstrates 3.6 times improvement on response time (relaxation time) comparing to the control device. However, due to the extra alignment layer in the cell, the dual-layer sample exhibits a larger turn-on voltage due to the voltage shielding of the polymer layer, and some residue phases because of the extra alignment. It also worth mentioning that the bright and dark states of the dual-layer sample is somewhat degraded comparing to the control device. This can be ascribed to the polymer pillars (to support the floating layer) as they are not functional and can scatter light. The aperture ratio should be similar to the previous case (~90%). Apart from dual-layer LC devices, for phase modulators to work at longer wavelengths while keeping similar response time, more sub-layers can be established to achieve adequate phase change. Figure 13 depicts the SEM images of a four-layer scaffold for a phase modulator. It is in general feasible to build more layers. However, there are some other concerns such as polymer shrinkage after polymerization and sub-layer thickness control, which will be discussed later. So far, we have focused on simple multi-layer structure where each layer provides uniform LC alignment. By designing it into a space-variant fashion, more device functions can be fulfilled. Here, we propose a novel, ultra-broadband beam steering device, namely twisted-nematic diffractive waveplate (TNDW) that in principle can be achieved through TPP.
TN LCD [103] has been widely used in notebook computers because of its high transmittance and high fabrication yield. In a TN cell, the unique adiabatic following (or wave-guiding) effect occurs when the incident light traverses through the LC layer, in the limit of a slow twist of LC director [7] , also known as Mauguin condition:
where φ twist stands for the LC twist angle and Γ is the phase retardation. Under the Mauguin condition, the linear polarization direction would basically follow the LC directors when the incident light is linearly polarized. Therefore, we can utilize such a polarization rotation effect to modulate the output polarization state and generate geometric phase delay. Especially, adiabatic following is insensitive to the wavelength, which contributes to the achromatic performance of TN mode. In our proposed TNDW, the LC director distribution within one pitch follows:
where
is the effective total LC thickness and p is the pitch length along x-direction. The schematic diagram of the device configuration is illustrated as Fig. 14 . To achieve the smooth TN alignment along z direction, we propose to add a floating alignment layer using TPP. So, there are three surface alignment layers in the proposed diffractive waveplate. The bottom surface provides a homogenous alignment anchoring. The top surface alignment direction follows a cycloidal profile with 2πx/p and the floating alignment follows πx/p, as Fig. 14 presents. With Mauguin limit [Eq. (5)] fulfilled, more detailed analytical deviations can be carried out based on Jones matrix and far-field Fourier transformation. For a circularly polarized light incident from homogenous alignment layer, namely bottom alignment in Fig. 14 , the output far-field electrical distribution can be written as:
It is easy to find that the diffraction efficiency of ± 1 orders are dependent on the phase retardation Γ. While if the circularly polarized light incident from top alignment in Fig. 14 , the output is:
Interestingly, only + 1 order exists with ~100% diffraction efficiency in theory, as Eq. (8) clearly illustrates. Thus, a broadband diffractive waveplate can be achieved by utilizing the polarization rotation effect. Some preliminary optical simulations were carried out with finiteelement method (FEM). We simulated a TNDW with pitch length p = 45 μm, LC layer thickness d = 15 μm and LC birefringence Δn = 0.3 as an example. The simulated diffraction efficiency is plotted in Fig. 15 . Over 80% efficiency has been achieved for an ultra-broad wavelength range from visible to near IR. The diffraction efficiency does not reach the theoretical value 100% in that the diffraction and refractive effects are ignored in the calculations, and there is also disclination line located at x = p/2. The results presented in Fig.  15 demonstrate the achromatic behavior of the TNDW. Comparing to previous multi-twist designs and active diffractive waveplates (or polarization gratings) [10, 11, 77, 78, [104] [105] [106] , our device offers an ultra-broadband operation window while keeping its active switching capability.
Beside multi-layer structures, TPP has also been utilized to create other 3D structures that show fascinating stimuli-driven responses when combined with LCs. For instance, memory effect was revealed in 3D micro-lattices filled with LCs [107] and controllable light diffraction was explored in woodpile photonic crystals assisted by LCs [108] . LC, not limited to nematc phase, as a general multi-response material should find abundant research opportunities in stimuli-responsive devices [109] .
Direct-laser writing on liquid-crystal monomers
In Sec. 3, we emphasize on TPP for LC alignment. As an important and rising research direction, DLW on LC mixtures has inspired a great deal of interests. The basic working principle and configurations for DLW on LC monomers are the same as those mentioned in Sec. 2. However, in this case, at least a portion of the photoresist materials has liquidcrystalline phase (usually reactive mesogens).
Previous studies of LC elastomers/networks have been focused on relatively simple structures [40, 110] . The advent of TPP DLW technique would further enrich the design of sophisticated tunable and functional LC elastomer-based devices. In the very early stage, TPP was applied to create micropatterns and variable-step gratings in nematic elastomers [111] . Such a grating period changes with the temperature. Compared to single-photon excitation, TPP yields finer patterns. Later in 2014, the 3D capabilities of DLW in LC elastomers were explored [112] . By demonstrating polymerized lines, rings and woodpiles structures, Zeng et al. showed that TPP DLW is suitable for fabricating 1D, 2D, and 3D LC elastomer structures with sub-micrometer resolution. The polymerized structures maintain the pre-defined (rubbed alignment) molecular orientation and exhibit swelling perpendicular to the alignment direction. By now, DLW on LC elastomers or networks have accomplished light-activated micro-walkers [113] , micro-hand [114] , micro-actuator with non-reciprocal motion [115] , suspended micromembranes [116] , and light-controlled 2D grating [117] , photonic circuits [118] , elastic microcavities [119] , etc. Other attempts on photoresist materials development and writing condition discussion promote the combination of TPP with LCs further [120] [121] [122] .
Beside LC elastomers, DLW has also been successfully applied to functionalize other LC devices. A comprehensive work illustrated that DLW can be utilized to generate local defect and control the local pitch length in cholesteric LCs (CLCs) [123] . These functional CLCs are promising for low-threshold lasing and multicolor reflections. Another study showed that DLW can generate localized polymer networks in chiral nematic LCs such that uniform lying helix (ULH) state can be spontaneously formed [124] . In a very recent report, DLW was employed to generating images and identification codes in LC device [125] . An image can be recorded by locally polymerizing reactive mesogens at a certain voltage. After polymerization, the image can be read out at other voltages and erased by the recording voltage. With this concept, Tartan et al. also demonstrated a multi-step polymerized pattern where different part of the pattern was polymerized at a different voltage. The readout images can be changed at different voltages.
Some design challenges and considerations

Fabrication yield
The designs of abovementioned LC devices are only tested in lab, in which fabrication yield is not a concern. However, when pursuing for large-area devices, the DLW process is timeconsuming because it is intrinsically a serial process. For instance, after a first-order optimization of writing parameters, a throughput of 0.01 in 2 /hr was reported for writing a dual-layer phase modulator scaffold [126] . To overcome this bottleneck, many methods have been proposed, such as using holographic components and spatial light modulators [56, [127] [128] [129] . The basic idea is to turn the serial process into parallel process, and this works for all cases (2D, 2.5D and 3D structures). In particular, for 2D structures, other technique such as NIL can assist to improve the fabrication yield while maintaining high quality and good reliability.
Polymer relaxation/deformation
As mentioned in Sec. 3.3, when constructing more layers in a phase modulator, polymer shrinkage can be a potential issue. As an example, Fig. 16 demonstrates a peeled-off fourlayer phase modulator scaffold due to the relaxation of polymerized photoresist. With the same polymer pillar/supporter parameters, dual-and three-layer scaffolds can withstand the residue stress after polymerization. To avoid peeling off or other polymer deformation (such as curved edges), stronger supporter can be designed, often in cost of the size of effective area (aperture ratio). This is not a special case but rather general [130] . Other strategies to correct this problem are through chemical group engineering of photoresists [131] and geometrical pre-compensation of the expected deformations [132] . Interestingly, the residue stress that is detrimental for fabrication of 3D structures can be harnessed to create 3D geometries from 2D patterns [133] . By investigating the residue stress in terms of polymerized layer number, it has been demonstrated that the polymer self-bending can be designed to create different shapes of lotus flower as well as a shark skin-like geometry. 
Conclusion
We have briefly reviewed the recent advances in TPP DLW-assisted LC devices. Taking the advantages of high-resolution 3D fabrication, TPP is able to generate LC alignment based on surface morphology easily. These alignment patterns can be created on planar, curvilinear surfaces, and especially in a 3D volume. Specifically, for planar surface alignment, we started from demonstrating simple orthogonal-direction patterned alignment for LC binary gratings. Then, through an example of PB microlens array, the feasibility of arbitrary-direction alignment patterning was proven. Through modifying the geometry of surface morphology, degenerate LC alignment can also be accomplished. Then, we discussed the viability of creating alignment on curvilinear surfaces via an instance of refractive microlens arrays. Unlike traditional method, TPP is capable of polymerizing both microlenses and alignment simultaneously with high quality. Next, we highlighted the unique feature of TPP that is to construct LC alignment in a 3D volume. We began the discussion with simple multi-layer structures that can be used for achieving fast response time and polarization-independent functions. Then, based on these results, we proposed a novel, ultra-broadband, switchable TNDW that provides over 80% diffraction efficiency spanning from the visible to near IR spectral region. Other than multi-layer structures, photonic crystals-and 3D microlatticesbased tunable devices have also illustrated interdisciplinary-study possibilities. Besides using TPP to fabricate LC alignment, direct writing on LC mixtures opens other arenas. Functional and responsive devices have been demonstrated by structured LC elastomers/networks. Moreover, the specially engineered defects in LC cells also give rise to novel device functions. Lastly, we point out two technical issues for future researches: fabrication yield and polymer relaxation/deformation. As TPP is intrinsically a serial process, the fabrication yield for large area can be low. To overcome this issue, turning the serial process to parallel one is crucial. Another aspect, post-polymerization deformation of the photoresist, should also be considered during designs. As the advances in fabrication technique will bring in new possibilities, we believe TPP-based DLW can achieve more novel, tunable LC photonic devices in the near future.
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